In the 1990s, Norwalk-like viruses (NLVs) were identified in patient specimens as the primary pathogen associated with shellfish-borne gastroenteritis in the United States. Identification of these viruses from implicated shellfish has been difficult due to inefficient recovery of viruses, natural polymerase chain reaction (PCR) inhibitors in shellfish, and low virus contamination. Recent improvements to the method of detecting NLVs in shellfish include enhanced processing of virus and shellfish samples, application of nested PCR and nucleotide sequencing, and increased knowledge of NLV genetic diversity. Using a newly developed and sensitive method, an NLV G2 strain was identified in 2 oyster samples implicated in a 1998 California outbreak involving 171 cases. NLV capsid primers demonstrated a greater specificity of PCR detection than did polymerase primers. The 175-base viral capsid nucleotide sequences derived from oysters were 100% identical to those derived from a patient stool sample. This finding supports the epidemiologic associations indicating that contaminated shellfish serve as the vehicle for NLV transmission.
. The reduction of idiopathic cases is attributed to the development of molecular detection techniques for Norwalk virus (NV) and NLVs after the first successful cloning and characterization of the NV genome in 1990 [7] . Subsequently, with increased knowledge of the genetic diversity of NLVs, assays for detecting a wide variety of NLV variants became feasible. Consequently, in the 1990s, NLVs have been found as the primary etiologic agents (52%) among reported cases of infectious diseases associated with shellfish consumption [8] [9] [10] [11] [12] [13] . One factor contributing to the high number of NLV cases is the illegal dumping of human waste directly into shellfish harvesting areas. For example, oysters harvested from Louisiana waters from December 1996 through January 1997 were implicated in a multistate outbreak with 525 reported cases of gastroenteritis [11, 14] . Epidemiologic investigation of this outbreak determined that the overboard discharge of untreated waste from harvesting vessels was the probable cause [14] .
In the past, when NV and NLVs were identified as the etiologic agents in the US outbreaks associated with shellfish-consumption, the viruses were detected in clinical specimens but rarely from implicated shellfish. In one exception in 1993, an NLV strain was found in outbreak-implicated Louisiana oysters, and the sequenced 81 nt of the oyster-derived NLV strain differed by 7 nt from the patient-derived NLV strain [15] . In another exception, where the virus was detected in oysters implicated in a 1996-1997 multistate outbreak, the NLV sequences could not be obtained, because of an inadequate quantity of polymerase chain reaction (PCR) amplicon [11] . In addition, in two reports describing outbreaks outside the United States where NLV was detected in implicated shellfish, the identical Lees et al., 1994 [23] a Developer is person who developed processing step (before 1988, steps mostly were developed for virus examination using tissue culture assay). Early user is person who successfully adapted processing step for virus examination using PCR amplification.
NLV sequences derived from patients were not clearly identified [16, 17] . Despite the importance of NLVs as the major etiologic agent of shellfish-borne diseases in the 1990s, the direct detection and identification of viruses in shellfish have been problematic. The difficulties involve low levels of virus contamination, inefficient virus recovery during sample processing, and natural PCR inhibitors in shellfish. The development of rapid, sensitive, and accurate molecular methods for virus detection in shellfish is critical to future outbreak investigations and will enable us to identify the pathogens, verify the transmission vehicles, locate contaminant-impacted areas, and judge when it is appropriate to re-open shellfish-growing areas.
Development of Methods for Virus Detection in Shellfish
Background.
Enteric viruses, which are excreted in the waste of infected persons, can persist in the environment and are transmitted via the fecal-oral route. Transmission is primarily through person-to-person contact and contaminated water and food. Bivalve molluscan shellfish (oysters, clams, and mussels) may become contaminated by bio-accumulating human pathogens from surrounding polluted waters, thus becoming vehicles of disease transmission to humans. There are two stages involved in detecting enteric viruses in contaminated shellfish: (1) separation and concentration of viruses from the shellfish tissue components and (2) detection of viruses in the processed concentrates, using a cell culture infectivity assay or PCR followed by nucleic acid hybridization. Since the detection of nonculturable viruses, such as NLVs, is critical for pathogen detection in outbreak-implicated shellfish, molecular detection using a rapid and sensitive PCR assay is preferred.
Successful PCR detection of viruses in shellfish depends upon the efficient recovery of viruses and the effective removal of PCR inhibitors naturally occurring in shellfish. These two criteria are especially critical for PCR detection of low levels of viruses.
Conventional shellfish-processing procedures, which are useful for recovery of viruses for cell culture assay, are not always compatible with PCR detection because of insufficient removal of inhibitors. Following are some of the conventional processing steps that have been tested and used prior to PCR amplification (see table 2 ). First, viruses can be eluted from shellfish tissue by acid adsorption and elution [18] [19] [20] or by direct glycine buffer elution [21] [22] [23] . Enteric viruses can be ad-sorbed to and eluted from the particulates of homogenated shellfish tissue by regulating the pH and ionic strength of the homogenate. The acid adsorption and elution process was developed in 1975 by Sobsey et al. [18] to effectively separate viruses from oyster tissue. The use of glycine buffer to directly elute viruses from shellfish tissue was reported in 1968 [21] . The eluant of 0.05 M glycine-10% tryptose phosphate broth, pH 9.0, was one of the better candidates that were compared for use in recovering rotavirus from oyster tissue [22] .
Second, viruses can be precipitated from eluates by polyethylene glycol (PEG) [22, 24] or acid precipitation [19, 25] (table  2) . PEG 6000 effectively precipitates enteric viruses from eluates [22] , and acid-precipitation has also been widely used since the 1970s [19] .
Third, the use of solvent (ethyl ether) to purify viruses from oyster concentrates (table 2) was first described in 1965 by Metcalf and Stiles [26] . Since then, chloroform and 1,1,2-trichloro-1,2,2-trifluoroethane (Freon) have been the most widely used solvents. A solvent mixture of chloroform and butanol was developed by Atmar et al. [28] in 1995 to improve virus detection sensitivity.
Fourth, viruses can be concentrated by ultracentrifugation [26, 27, 29] or ultrafiltration [16, 19, 23, 30] (table 2) . Highspeed ultracentrifugation (1125,000 g) was used in the 1960s to concentrate enteric viruses from oyster homogenates [26, 27] . The use of ultrafiltration to further concentrate viruses in partially processed oyster concentrates was also described in the 1970s [19, 30] . In recent years, immunocapture [31, 32] and nucleic acid extraction [23, 24] , two PCR-compatible processing steps, were developed to further concentrate and purify virus or viral RNA (table 2) from oysters.
While each of these processing steps purifies or concentrates (or both) viruses from oyster tissue, they also reduce the overall recovery of viruses. Major challenges in developing an efficient virus-detection method are to streamline the process and to effectively remove inhibitors while minimizing substantial loss of viruses. Although processing and concentrating small sample sizes may help circumvent the presence of excessive inhibitors that interfere with PCR analysis, it may give rise to false-negative PCR results, especially with low levels of virus contamination.
With the recent application of semi-nested or nested PCR (second-round PCR with an internal set of primers) [33, 34] , subsequent characterization of PCR amplicons derived from shellfish has been improved significantly. Ample PCR products from the second-round amplification facilitate the success of cloning and sequencing of an amplicon. Nucleotide sequence information from the amplified products can be used to confirm the result of Southern hybridization and to genotype the virus strains derived from contaminated shellfish.
Method employed and challenges encountered. To avoid cross-contamination and achieve accurate PCR detection of low levels of viruses in outbreak-implicated shellfish, the recommended sample processing procedure is to separate, process, and analyze environmental samples independently from clinical samples. Facilities and equipment designated for an environmental laboratory should not be used with clinical samples at any time; rather, clinical specimens, which often harbor high levels of viruses, should be analyzed in a different setting to minimize risks of cross-contamination. Likewise, proper precautions should be taken always, particularly the setting up of physical barriers between sample preparation and PCR product examination.
We have developed a rapid and sensitive method for virus detection in oysters that offers several advantages over some of the other currently used methods: A smaller volume of solvent is required (12 mL for 25-50 g oysters), the processing time is shorter than that for the virion method [20] , no sophisticated instrumentation (e.g., ultracentrifugation equipment) is required, and PCR inhibitors are efficiently removed (possibly by the initial step of adsorption and elution and the final step of silica gel adsorption and elution of RNA [35] ). Overall, the method requires 10-12 h of sample processing, achieves satisfactory removal of PCR inhibitors from 200-fold sample concentrates (10-mL RNAs derived from 2 g of oyster tissue), and has a detection sensitivity of 1 pfu/g oyster tissue initially seeded with poliovirus type 3 Sabin strain (as determined by single PCR combined with Southern hybridization) [35] . The seven sample processing steps are outlined in figure  1 . In brief, step 1 involves homogenization of oyster tissue in a 1 : 7 ratio of cold, sterile, deionized water; step 2 is acid adsorption of viruses from the homogenate at pH 5.0; step 3 is elution of viruses from oyster tissue solids with 0.05 M glycine-0.15 M NaCl, pH 7.5; step 4 is the precipitation of viruses, using 8% PEG 8000-0.3 M NaCl; step 5 is the solvent-extraction of viruses with an equal volume of Freon; step 6 is the precipitation of viruses, again using 8% PEG-0.3 M NaCl; and step 7 is the RNA extraction of the second PEG precipitates, using silica gel membranes (Qiagen, Valencia, CA).
In the 150-to 200-fold concentrated final extracts, viral RNAs are identified by reverse transcription-PCR (RT-PCR), nested PCR, and sequencing ( figure 1 ). As demonstrated in our investigation of oysters implicated in a gastroenteritis outbreak that occurred in 1998, NLV RNAs in the final oyster concentrates were examined by use of RT-PCR with both polymerase and capsid primer sets. The primers and probes from the NLV polymerase region [36] (table 3) permitted sensitive detection of NLV G2 by Southern blot hybridization.
Sequencing of the nested PCR amplicons revealed that a variety of nonspecific sequences had been amplified (the NLV sequences likely composed a minor set of the amplicon). To further determine whether the virus strain detected in oysters was causally linked with human gastroenteritis, capsid primers (table 3) derived from the sequence information of amplicons from clinical specimens were utilized. An amplicon from oyster RNA concentrate was obtained by first performing PCR with an initial set of capsid primers (Mon381/Mon383) [37] and then performing semi-nested PCR with an internal primer (Mon382) in addition to Mon381. Nucleotide sequences of all selected clones of the amplicon from oysters were 100% identical to each other. These capsid primers were believed to permit a specific recognition of the NLV genomic RNA in an RNA pool, which led to a rapid confirmation of virus identity and an increased detection specificity of NLV. Unique sequences of NLV capsid and the design of primer sets may be the main contributors to the success of the rapid identification of NLV in oysters.
An Outbreak Originating from NLV-Contaminated Oysters
Outbreak background. In May of 1998, 171 cases comprising 44 clusters of gastroenteritis were reported to be associated with the consumption of raw or undercooked oysters harvested from Tomales Bay, California [38] . Patient symptoms included diarrhea, cramps, vomiting, low-grade fever, and chills occurring 18-48 h after oyster consumption. The bay was closed to shellfish harvesting on 15 May by the California Department of Health Services (CDHS), and a voluntary recall of potential illness-linked oysters also was initiated on 15 May. On the basis of harvesting information uncovered through tag trace-back of the oysters consumed by 88 of the 171 patients, illnesses were linked to harvest dates starting 29 April and to harvest areas in the mid to outer bay. The tagging system established by the National Shellfish Sanitation Program requires shellfish harvesters to label their products with the harvest date and growing area prior to product distribution. Tomales Bay, located 80 km north of San Francisco, is ∼16 km long by 2-3.2 km wide and produces oysters, clams, and mussels from 1.95 km 2 of approved growing areas. None of the surrounding sources of potential point pollution, such as waste water treatment plants and sewage disposal facilities, are designated to discharge effluent into the bay. The management plan set by CDHS controls the impact of non-point pollution sources from boats, wildlife, and rainfall-related sources.
NLV identification in oysters. Three weeks after the harvesting dates, 3 samples of recalled oysters (Crassostrea gigas) were shipped overnight in a chilled, insulated container to the US Food and Drug Administration Gulf Coast Seafood Laboratory, Dauphin Island, Alabama. Immediately upon arrival (29 May 1998), the samples were inspected, and viable oysters were shucked and stored in a Ϫ80ЊC freezer. Samples A1 and A2 were harvested from growing area A on 5 and 7 May, respectively; sample B1 was harvested on 5 May from growing area B, which was geographically distant from area A by ∼1.6 km. Growing area A occupies a 20,200 m 2 sector, and growing area B is much larger.
Each of 3 samples (25 g without liquor and adductors) was processed individually using the method previously described. Samples A1 and B1 were positive for NLV G2 but negative for NLV G1 as determined by use of polymerase primer sets [36] . Positive G2 signals were demonstrated occasionally in 2 mL of RNAs and repeatedly in the 10 mL of RNAs that were concentrated from 1.4-1.5 g of oyster tissue during two processing trials for each sample with either polymerase or capsid primers (table 3) .
To clearly establish a causal link between patients and illnessassociated oysters, semi-nested PCR products of the NLV capsid region were subcloned into the pCR-XL-Topo II T-A cloning vector. Plasmids containing inserts were sequenced using an automated fluorescent cycle sequencer (ABI, model 377; Applied Biosystems, Foster City, CA). The 175-nt sequences between two primers of the amplicons derived from 3 clones of sample A1 and 6 clones of sample B1 were 100% identical. Using the BLAST-search program, the Tomales strain was found to be 100%, 99%, 95%, and 95% similar to the human calicivirus strains of S031/94/UK (GenBank no. Z73989), S033/ 94/UK, Lordsdale, and Bristol, respectively (table 4). All other strains in table 4 that were 100% and 99% homologous to the Tomales strain were derived and classified within the "95/96-US" subset [39] . On the basis of BLAST-search analysis on the 175-nt sequences, the Tomales strain also belonged to the common "95/96-US subset." Strains of the "95/96-US" subset were reported to have a global distribution, although the 95/96 subset accounted for only 26% of NLV outbreaks reported to the Centers for Disease Control and Prevention (CDC) during the 1997-1998 season [39] . The third sample, A2 (a total of 50 g of oysters processed through two trials), was negative for both NLV G1 and G2 genotypes as determined by use of Ando's primers [36] . The absence of NLV G2 in sample A2 may possibly be attributed to the small sample size (50 g of 4-6 oysters sampled) and to the potentially uneven distribution of virus over the 20,200-m 2 growing area. Furthermore, human enterovirus was found in sample A2 by using pan-enterovirus PCR [35] . Because enterovirus was well amplified, it was unlikely that the PCR inhibitors remained and caused false-negative results for NLV in sample A2.
In an independent laboratory at CDC, the 175-nt sequences of an NLV G2 genotype were also derived from 1 of the 2 patient stool samples obtained during the outbreak. The 175-nt sequence of the clinical strain was 100% identical to those of the oyster strains. These results clearly demonstrate that 1 strain of human NLV G2 first polluted the oysters in at least two growing areas that were ∼1.6 km apart, remained in the oysters, persisted through harvesting and consumption, and then caused the gastroenteritis in humans. The sequence analysis supports the epidemiologic association of oyster consumption and illness in this outbreak.
Control and Prevention of Outbreaks
Human waste contamination of shellfish-growing areas of Tomales Bay was the cause of the virus outbreak. Such contamination is believed also to have caused two other large-scale virus outbreaks originating from Louisiana oysters in 1993 and December 1996 through January 1997, with 183 and 525 reported cases of gastroenteritis, respectively [8, 11] . In all three outbreaks, the oysters were harvested from approved shellfishgrowing areas. Three possibilities have been suggested as the reason for illnesses arising from the consumption of shellfish harvested from growing areas that were presumed to be sanitary. First, sporadic or non-point source pollution, such as illegal waste discharge from boats or sewage-treatment systems, might cause illnesses because it is difficult to detect such discharge by only periodic examination of fecal coliforms in water. Second, noncontained point source pollution, such as malfunctioning sewage disposal systems, might be a source for illness-causing contamination. Third, fecal coliform monitoring systems may not accurately reflect the presence or absence of viruses in shellfish and the estuarine environment [40] because the bio-accumulation and depuration kinetics of bacteria and viruses in shellfish are different [41, 42] . Specifically for the Tomales oyster outbreak, the two most likely pollution sources reported by CDHS were substandard and potentially failing septic systems along the shoreline and overboard waste discharge from boaters [38] .
Current methods for molecular detection of viruses in oysters cannot be readily adapted for routine monitoring by local regulatory laboratories. Until means for routine monitoring become available (e.g., viral indicators), the most effective preventative measures are to educate the public regarding appropriate disposal of human wastes, especially near the vicinity of shellfishgrowing waters. Local authorities are encouraged to establish means to minimize or eliminate human fecal contamination in shellfish-growing areas, such as portable toilets in remote areas used for recreation, routine inspection of sewage-treatment systems, mandatory requirements for boats to be equipped with marine sanitation devices, and making waste pump-out facilities available. Many postharvest controls are not effective in completely eliminating viruses from contaminated shellfish. For example, enteric viruses, especially HAV or NLV, that accumulate in bivalve mollusks are relatively resistant to mild cooking [43] [44] [45] . Thus, preharvest controls (including continued shoreline surveillance, mandatory restriction on waste dumping, improved indicators, and public education) are the main solutions to minimize virus-induced, shellfish-borne infectious diseases.
Future Perspectives
Timely virus identification in outbreak-associated shellfish would greatly facilitate the confirmation of the disease-transmission vehicle and the identification of contaminated growing areas. The information derived is valuable to assist the local authorities in their decision making, planning of follow-up actions, and timely implementation of interviewing strategies. To ensure rapid and accurate identification, the most efficient way, we believe, is first to identify the virus strains in patient stools (presumably containing high levels of viruses) in a clinical laboratory. Subsequently, virus detection in implicated shellfish should be done in a separate laboratory with PCR primer designed from patient strains. If sequence information from a patient stool is not available, numerous PCR assays employing different primers sets will probably be necessary to detect the diversity of NLV strains currently in circulation. The PCR detection of NLV in implicated shellfish is tedious, and detection and identification are further complicated by the use of nested PCR.
During our investigation, we successfully retrieved the NLV strain from oysters, using capsid primers. It should be noted, however, that success in finding other strain variants by use of the same primer pairs is not guaranteed. An area for future work would be simplification of the detection and identification procedures. The use of broadly reactive degenerate primers [46, 47] may need to be evaluated, with the focus on the reduction or elimination of potentially nonspecific amplifications of other nucleic acids that are co-precipitated and concentrated with the viral genomic RNAs.
Detection of virus in contaminated shellfish will be useful for studying related issues and developing interventions that will result in improved outbreak prevention and control. The virus levels in contaminated shellfish are believed to be low, but the variation within an outbreak situation is unknown. Further development of existing methods may allow quantitation of NLV levels and correlation with human infectious dosages. The method can also be used in field studies to enhance our understanding of virus spread and contamination patterns when sporadic non-point source pollution occurs, to investigate the depuration kinetics of low-level virus in shellfish in the marine environment and the stability of virus in shellfish, and to pursue alternative indicators that closely correlate with NLV levels in shellfish and marine environments.
